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Analytic Tensor Functions

7.1 Introduction

In the previous chapter we discussed isotropic and anisotropic tensor func-
tions and their general representations. Of particular interest in continuum
mechanics are isotropic tensor-valued functions of one arbitrary (not neces-
sarily symmetric) tensor. For example, the exponential function of the velocity
gradient or other non-symmetric strain rates is very suitable for the formula-
tion of evolution equations in large strain anisotropic plasticity. In this section
we focus on a special class of isotropic tensor-valued functions referred here
to as analytic tensor functions. In order to specify this class of functions we
first deal with the general question how an isotropic tensor-valued function
can be defined.

For isotropic functions of diagonalizable tensors the most natural way is
the spectral decomposition (4.43)

A=Y"\P;, (7.1)
i=1
so that we may write similarly to (4.48)
g(A)=> g(\)P;, (7.2)
i=1

where g ()\;) is an arbitrary (not necessarily polynomial) scalar function de-
fined on the spectrum \; (i =1,2,...,s) of the tensor A. Obviously, the so-
defined function g (A) is isotropic in the sense of the condition (6.73). Indeed,

0(QAQT) =3 ¢ (A)QP.QT = Qy(A)Q", vQe oM, (73)
=1

where we take into account that the spectral decomposition of the tensor
QAQT is given by
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QAQT = Z \QPQT. (7.4)

i=1

Example. Generalized strain measures. The so-called generalized
strain measures E and e (also known as Hill’s strains, [15], [16]) play an im-
portant role in kinematics of continuum. They are defined by (7.2) as isotropic
tensor-valued functions of the symmetric right and left stretch tensor U and
v and are referred to as Lagrangian (material) and Eulerian (spatial) strains,
respectively. The definition of the generalized strains is based on the spectral
representations by

U= i)\zpz, VvV = Zs:)\ipi, (75)
i=1 i=1

where \; > 0 are the eigenvalues (referred to as principal stretches) while P;
and p; (i=1,2,...,s) denote the corresponding eigenprojections. Accord-

ingly,
E=Y FOP. e=Y f(\)p. (76)
i=1 i=1

where f is a strictly-increasing scalar function satisfying the conditions f (1) =
0 and f’ (1) = 1. A special class of generalized strain measures specified by

il()\g‘—l)Pi for a # 0,
gl _ J=1° (7.7)
i: In(\)P; for a =0,
i=1
> - 1)pr fora 0,
o) _ )=t ¢ (7.8)

In (\;) pi fora=0

o)

<
Il
—

are referred to as Seth’s strains [39], where a is a real number. For example, the
Green-Lagrange strain tensor (6.97) introduced in Chap. 6 belongs to Seth’s
strains as B2,

Since non-symmetric tensors do not generally admit the spectral decompo-
sition in the diagonal form (7.1), it is necessary to search for other approaches
for the definition of the isotropic tensor function g (A) : Lin™ — Lin". One of
these approaches is the tensor power series of the form

g(A) =aol + a1 A + asA% + ... = ZarAT. (7.9)
r=0
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Indeed, in view of (6.74)

g(QaQ") = S, (QaqQ")’

r=0

=> a,QA'Q" =Qg(A)Q", VvVQ € Orth™. (7.10)
r=0

For example, the exponential tensor function can be defined in terms of the
infinite power series (7.9) by (1.109).

One can show that the power series (7.9), provided it converges, repre-
sents a generalization of (7.2) to arbitrary (and not necessarily diagonalizable)
second-order tensors. Conversely, the isotropic tensor function (7.2) with g (\)
analytic on the spectrum of A can be considered as an extension of infinite
power series (7.9) to its non-convergent domain if the latter exists. Indeed, for
diagonalizable tensor arguments within the convergence domain of the tensor
power series (7.9) both definitions coincide. For example, inserting (7.1) into
(7.9) and taking (4.47) into account we have

g(A) = Zar (Z /\iPi> = Zarz/\;Pi = Zg(/\l) P; (7.11)
=0 i=1 =0 =1 i=1

with the abbreviation
g = a\, (7.12)
r=0

so that

_1o7g(N)

r= 0 o (7.13)

A=0

The above mentioned convergence requirement vastly restricts the defini-
tion domain of many isotropic tensor functions defined in terms of infinite
series (7.9). For example, one can show that the power series for the logarith-
mic tensor function

(oo}

A’I‘
In(A+I) =) (-1 7.14
n(A+D =30 (714)
converges for [A\;| <1 (i =1,2,...,s) and diverges if |[\;| > 1 at least for some

k(1 <k<s) (see, e.g., [12]).
In order to avoid this convergence problem we consider a tensor function
defined by the so-called Dunford-Taylor integral as (see, for example, [24])

g(A) = o

L f (0)(CT—A)"d¢ (7.15)
I
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taken on the complex plane over I', where I' represents a closed curve or
consists of simple closed curves, the union interior of which includes all the
eigenvalues \; € C (i =1,2,...,s) of the tensor argument A. g(¢) : C — C
is an arbitrary scalar function analytic within and on I".

One can easily prove that the tensor function (7.15) is isotropic in the
sense of the definition (6.73). Indeed, with the aid of (1.127) and (1.128) we
obtain (cf. [33])

s(@aQ”) =, 4 00 (- QaQ")

2mi

_— fg(O[Q(a—A)QT]”dc
I

2mi

2mi

L f g(O)QET—A) ' QT
I

=Qg(A)QT, VvQ € Orth™. (7.16)

It can be verified that for diagonalizable tensors the Dunford-Taylor integral
(7.15) reduces to the spectral decomposition (7.2) and represents therefore its
generalization. Indeed, inserting (7.1) into (7.15) delivers

s -1
1) =, 00 <<I - Zmn—) ac

-1

1 S
= o ﬁg(g) [; C—X)P; d¢
1 s B
_ mfrg(o;(g_m Upudc
- ; Hﬁ frg@) (S Ai)ldg} P; = ;g()\i)Pi, (7.17)

where we keep (4.46) in mind and apply the the Cauchy integral formula (see,
e.g. [5]). Using this result we can represent, for example, the generalized strain
measures (7.6) by

E=f(U), e=f(v), (7.18)

where the tensor functions f (U) and f (v) are defined by (7.15).

Further, one can show that the Dunford-Taylor integral (7.15) also repre-
sents a generalization of tensor power series (7.9). For this purpose, it suffices
to verify that (7.15) based on a scalar function g (¢) = ¢* (k=0,1,2,...)
results into the monomial g (A) = A*. To this end, we consider in (7.15) the
following identity [24]
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g OI=(CD)" = (CI-A+A)"=(CTI-A)"+... +A" (7.19)

Thereby, all terms except of the last one have no pole within I" and vanish
according to the Cauchy theorem (see, e.g., [5]), so that

g(A) = l,f [(gI—A)’“*1+...+A’€ (TI—A) ' dac=AF  (7.20)
r

27

Isotropic tensor functions defined by (7.15) will henceforth be referred to
as analytic tensor functions. The above discussed properties of analytic tensor
functions can be completed by the following relations (Exercise 7.3)

g(A)=af (A)+ph(A), if  g(A)=af(N)+Fr(N),
g(A)=f(A)r(A), it g\ =fNh), (7.21)
g(A)=f(h(A)), it g(A) = ().

In the following we will deal with representations for analytic tensor functions
and their derivatives.

7.2 Closed-Form Representation for Analytic Tensor
Functions and Their Derivatives

Our aim is to obtain the so-called closed form representation for analytic
tensor functions and their derivatives. This representation should be given
only in terms of finite powers of the tensor argument and its eigenvalues and
avoid any reference to the integral over the complex plane or to power series.

We start with the Cayley-Hamilton theorem (4.91) for the tensor (I — A

n

ST A @-A)F =0 (7.22)

k=0
With the aid of the Vieta theorem (4.24) we can write

n

P a=1 %= S € A)C—Au) o (C=Ay),  (7:23)

11 <i2<...<i

where k = 1,2,...,n and the eigenvalues \; (i = 1,2,...,n) of the tensor A
are counted with their multiplicity.
Composing (7.22) with the so-called resolvent of A

R(()=(T-A)" (7.24)

yields
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n—1
1 n— n—k—
R(O= St L (cr- A
IgI A k=0
1 n—k—1
= ZICI A (A —(T) . (7.25)
IgI—A k=0

Applying the binomial theorem (see, e.g., [5])

l
(A-cD' =) (-1 <l>gl—PAP, 1=1,2,..., (7.26)
p=0 p
where
l !
p— 9 7.27
<p> p!(l—p)! (7.27)
we obtain
1 ! n—k—1
(k) n —1-— — k= n—k—1—
R(C): (n) Z IA Z k 1p< )C k 1PAp.
I(I A k=0 p
(7.28)

Rearranging this expression with respect to the powers of the tensor A delivers

n—1
()= a,A? (7.29)
p=0
with
1 " nkp_1 (n—k—1 .
Qp = (n) Z (_1) e 1( ) EI, ¢ k—p— 1 (7.30)
LA k=0 p

where p = 0,1,...,n — 1. Inserting this result into (7.15) we obtain the fol-
lowing closed-form representation for the tensor function g (A) [20]

n—1
A) = p,AP, (7.31)
p=0

where

¥p = 27

1%9(()0[17(:1(7 pzovlaan_l (732)
r

The Cauchy integrals in (7.32) can be calculated with the aid of the residue
theorem (see, e.g.,[5]). To this end, we first represent the determinant of the
tensor (I — A in the form
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S

1) 4 =det (CT-A) =] (¢ )", (7.33)
=1

where \; denote pairwise distinct eigenvalues with the algebraic multiplicities
r; (1=1,2,...,s) such that

Z’“i =n (7.34)
i=1
Thus, inserting (7.30) and (7.33) into (7.32) we obtain
s 1 ] dri—l .
¥p = ; (ri — 1y A {dgnl [9(©) ap (O) (¢ =) }} , (7.35)

where p=1,2,...,n— 1.

The derivative of the tensor function g (A) can be obtained by direct
differentiation of the Dunfod-Taylor integral (7.15). Thus, by use of (6.122)
we can write

9(A) A=y § 90 (=4 e (- A) (7.36)
and consequently
1

9=y f SOREQ SR (7.37)

Taking (7.29) into account further yields

n—1
g(A) A= Z Npg AP @ A, (7.38)
p,q=0
where
1
Tlpg = Ngp = oi ﬁg (C) Qp (C) Qg (O d¢, p,gq=0,1,...,n—1. (7'39)

The residue theorem finally delivers

S d2ri —1

=2 o, 1y 8 { s 1O © a0 @ (6= 20" ]},

=1
(7.40)

where p,¢ =0,1,...,n— 1.



148 7 Analytic Tensor Functions

7.3 Special Case: Diagonalizable Tensor Functions

For analytic functions of diagonalizable tensors the definitions in terms of
the Dunford-Taylor integral (7.15) on the one side and eigenprojections (7.2)
on the other side become equivalent. In this special case, one can obtain
alternative closed-form representations for analytic tensor functions and their
derivatives. To this end, we first derive an alternative representation of the
Sylvester formula (4.54). In Sect. 4.4 we have shown that the eigenprojections
can be given by (4.51)

P,=p;(A), i=12 .5, (7.41)

where p; (i = 1,2,...,s) are polynomials satisfying the requirements (4.50).
Thus, the eigenprojections of a second-order tensor can be considered as its
analytic (isotropic) tensor functions. Applying the Dunford-Taylor integral
(7.15) we can thus write

P, = 1,7fpi(<)(g1—A)‘1d<, i=1,2,...,s. (7.42)
r

27

Similarly to (7.31) and (7.35) we further obtain

Pi=> pipA?, i=12,...,s, (7.43)
where
s 1 . dre 1 .
pr =3 o L { g PO @ @€ AM) (ran

k=1

and ap (p=0,1,...,n— 1) are given by (7.30). With the aid of polynomial
functions p; (A) satisfying in addition to (4.50) the following conditions

dT‘
=0 4,j=1,2,....8; r=1,2,...,1;,— 1 (7.45)

we can simplify (7.44) by
o= dm {8 e @ 2 (7.4
PP = 1) e Lagrt o '
Now, inserting (7.43) into (7.2) delivers

n—1

Z g(A Z pip AL (7.47)

p=0
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In order to obtain an alternative representation for g (A),a we again consider
the tensor power series (7.9). Direct differentiation of (7.9) with respect to A
delivers with the aid of (6.117)

[e%s) 1
g(A),a=> a, Y A'Fe AR (7.48)
0

5
|

%
Il
-
=~
i

Applying the spectral representation (7.1) and taking (4.47) and (7.12) into
account we further obtain (see also [18], [48])

r—1
g(A).a= ZaT > Z ANTIENP @ P

r=1 k=01,j=1
S S X e Y e Vb ep,
™ ’I")\ _ )\
i=1r=1 i,j=1r=1
J#i
=N ¢ )P, 2P + Z 9( )\) i’\( J)Pl@Pj
i=1 ij=1 N
i
= Z GijP; @ Py, (7.49)
ij=1
where
g (M) ifi =4,
A=A I

Inserting into (7.49) the alternative representation for the eigenprojections
(7.43) yields

s n—1
g(A),a= Z Gij Z PipPjq AT @ AT, (7.51)

,j=1 P,q=0
Thus, we again end up with the representation (7.38)

n—1

g(A).a= > npgA” @AY, (7.52)
p,q=0
where
Tpg = Nap = Z Gijpippigy Pa=0,1,...,n—1. (7.53)

3,j=1
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Finally, let us focus on the differentiability of eigenprojections. To this end,
we represent them by [24] (Exercise 7.4)

p,— ! 7( (CI—A)'d¢, i=1,2,...s, (7.54)
27i

where the integral is taken on the complex plane over a closed curve I the
interior of which includes only the eigenvalue A;. All other eigenvalues of A lie
outside ;. I; does not depend on \; as far as this eigenvalue is simple and does
not lie directly on I5. Indeed, if \; is multiple, a perturbation of A by A +tX
can lead to a split of eigenvalues within ;. In this case, (7.54) yields a sum of
eigenprojections corresponding to these split eigenvalues which coalesce in \;
for t = 0. Thus, the eigenprojection P; corresponding to a simple eigenvalue
Ai is differentiable according to (7.54). Direct differentiation of (7.54) delivers
in this case

Pia=, f (- o(I-A) T n-t (7.5%)

i

By analogy with (7.38) we thus obtain

PiuA = Z Uiqup ® Aq, (756)
P,q=0

where

Vipq = Vigp = ori

1.7{ ap () ag(¢)d¢, p,g=0,1,....,n—1. (7.57)
I

By the residue theorem we further write

vipg = Jim {dc[ (C)aq(C)((—)\i)Q]}, p,g=0,1,...,n—1. (7.58)

With the aid of (7.49) one can obtain an alternative representation for the
derivative of the eigenprojections in terms of the eigenprojections themselves.
Indeed, substituting the function g in (7.49) by p; and taking the properties
of the latter function (4.50) and (7.45) into account we have

. P,P,+P.oP;
PiuA:Z @ ]+ J® .

s (7.59)

Jj=1
JFi

7.4 Special case: Three-Dimensional Space
First, we specify the closed-form solutions (7.31) and (7.38) for three-dimen-

7.38)
sional space (n = 3). In this case, the functions ay (¢) (k =0, 1,2) (7.30) take
the form
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_ ¢ —Cler—a +1lcr-a

oo (€) Mler
= F A2+ Ag) F A + Aods 4 Ashy
(C=AM)(C—A2) (C—A3) 7
a(C):ICI_A—QC: C—>\1—/\2—)\3
' Ma-a (€= M) (€= A2) (C—As)’
az (¢) oo ! (7.60)

S Lra (G- M) (C= M) (C= )

Inserting these expressions into (7.35) and (7.40) and considering separately
cases of distinct and repeated eigenvalues, we obtain the following result [22].
Distinct eigenvalues: A1 # Aa # Az # A1,

D;
=1
gD+
©1 Dz )
=1
=L g (\)
=37 (7.61)

3
A+ Ae) AjArg (N
770127710:_2( g k)D.QJ kg’ (Ai)

3
(Aj =+ ) Mk [9 (Ni) — g (A))]
P (\i —\;)° Dy,

)

o — o = 3° BT ) 5= A [o () —9 ()

i=1 Diz i,j=1 (Xi — Aj)B Dy, 7
i#j
3 3
=3 QAT ) 5 i) At ) [9(3) =g ()]
i D ij=1 (X = A;)° Dy,

i#£]
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ma = =3 IR g~ Qe Al ) =g ()]

i=1 Di2 i,j=1 ()‘i - /\j)3 Dy, 7
i#j
3, 3
g(Ni) —g (N ., ,
=)0 - I i (7.62)
i=1 D; zg:l Ai ) Dy’
i£j
where
Di=Ni—=X)Ni—X), i#j#k#i=1,23. (7.63)

Double coalescence of eigenvalues: \; # N\j = A\, = X, j # K,

/\/\g M) =Xig(N)  Xig(N) Mg’ (N

TN =) =X (=N
_ oy 9 =g () g )N+ A)
_ 9 =gN) g (7.64)

Y2 = (Al—A)2 _()\z_)\)’

(2X2A7 — 6A%X\;) [g (M) — g (V)]

Moo = (A — )\)5

N Ag' () + (203N +4X2A2 — 402 + A2) ¢/ ()
(A=A
(23227 = A3A) 9" (N) | A2AZg" (A
(i =N 6(\ — N2
mot = o = (A H AN =22E3) [ () =g (V)]
(N =)
2X3g" (Ai) + (A3 + 7TAA2 = 2020) ¢/ (N)
=N
(4NN + XA =A0) 0" (N) XA+ A) g (V)
2(A — )’ 6 (N —\)?

b
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(A7 =3XA=2X2) [g(Ni) —g (V)]
No2 = 120 =

(A=A’
N A2g" () + (/\2 + 3N — )\f) g \)
(=N
(3)\)\2‘ — )\3) g’ (\) n Aidg” (N)
2\ — A)? 6(N\i—N)?
A +3N[g(N) —g V)] | A0 () + XN +20) ¢ (V)
mi1 = —4 5 + 4 4
(AN =) (AN =)
AN+ A" () | N+ 02" ()
i —A)? 6N —A)°
T N) —g (V)] 200" () + (A +5A) g (A)
2 =121 = 5 - 4
(Ai =) (Ai =)
3NN A g" (N
2(x —A)° 6\ —N)?
\;) — A /)\i 3d’ () "\ "
7722:_49( ) gg ) 9 )+ 94( ), 9 )3+ 9" ) . (7.65)
(Ai = A) (Ai = A) (A= A7 6(Ai—A
Triple coalescence of eigenvalues: Ay = Ao = A3 = A,
1
f0=9 () = A )+ N (V)
e1=9 ) =" (),
1
2= 9" (V). (7.66)
)\29/// ()\) )\SQIV ()\) )\4gV ()\)
_ N _
noo =g (A) —Ag" (A) + 9 12 + 120
A CYREP AR VR S A CYRIP AR Oy
o1 = Mo = 9 9 + 8 60
B B g///()\) B )\gIV ()\) )\2gV ()\)
o2 = 120 = 6 24 + 120
9" AT . A2gY (\)
mi1 = 6 6 30 )

Tz =121 = 24 - 60
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9" ()
120
where superposed Roman numerals denote the order of the derivative.

M2 = (7.67)

Example. To illustrate the application of the above closed-form solution
we consider the exponential function of the velocity gradient under simple
shear. The velocity gradient is defined as the material time derivative of the
deformation gradient by L = F. Using the representation of F in the case of
simple shear (4.23) we can write

, , , 00
L=Le;®e’, where [L,]=[000]. (7.68)
000
We observe that L has a triple (r; = 3) zero eigenvalue

A=A =X3=A\=0. (7.69)

This eigenvalue is, however, defect since it is associated with only two (¢, = 2)
linearly independent (right) eigenvectors

a; = ey, as = es. (770)

Therefore, L (7.68) is not diagonalizable and admits no spectral decomposition
in the form (7.1). For this reason, isotropic functions of L as well as their
derivative cannot be obtained on the basis of eigenprojections. Instead, we
exploit the closed-form solution (7.31), (7.38) with the coefficients calculated
for the case of triple coalescence of eigenvalues by (7.66) and (7.67). Thus, we
can write

exp (L) = exp (\) K;V -2+ 1) I+(1-ANL+ ;y] , (7.71)

AN A4
exp (L), = exp (A) [(1 - A+ 9 " 19T 120) J

1ox A2 X3
- - LeI+I®L
+<2 5T s 60)( ®I+I®L)

LA A2
LoL
+(6 . ) ©
D Wt
L?@I+I®L?
+<6 120)( @I+I®L?)
(1! (L?’®L+L®L?) + g (7.72)
24 120 ' '
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On use of (7.69) this finally leads to the following expressions
1
exp(L) =T+ L+ 2L2, (7.73)
1 1 1, )
exp(L),L=9 + 5 LeI+I®L)+ LOL+ (L*®I+I®L?

1 1
I29L+L®L? L2 L% 74
+24( QL+L® )+120 ® (7.74)

Taking into account a special property of L (7.68):
LF=0, k=23,... (7.75)

the same results can also be obtained directly from the power series (1.109)
and its derivative. By virtue of (6.117) the latter one can be given by

0o r—1

1
exp(L) L= y Y LR L (7.76)
r=1 " k=0

For diagonalizable tensor functions the representations (7.31) and (7.38)
can be simplified in the cases of repeated eigenvalues where the coefficients
wp and 7, are given by (7.64-7.67). To this end, we use the identities
A2 = (A +)A)A — I for the case of double coalescence of eigenvalues
(N #Xj =X, =) and A = A, A2 = N?I for the case of triple coalescence
of eigenvalues (A; = Ao = A3 = A). Thus, we obtain the following result well-
known for symmetric isotropic tensor functions [7].

Double coalescence of eigenvalues: \; # Xj = A\, = A, A? = (N + ) A= AT

oo = )\ig(/\>\)<__/>\g ()\i)7 o =7 (/\;\? :i@% — (7.77)
oy I — g () N (M) + A ()

700 = —2A; A O — V) + O - 3)° ,
oy g(Ai) —g(A) _ Ag"(Ai) +Xig' (A)

no1 = Mo = (A + A) O A Mo N?

my = —29 A)—g(N) | g (N)+g (N

. (A — ) CYEIEI
To2 = M20 = M2 = N21 = 722 = 0. (7.78)

Triple coalescence of eigenvalues: \y = g = Az = A\, A = A, A% = \21,

po=9g(N), @1=p2=0, (7.79)
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noo =g (A), 701 =m0 = M1 =Nz = N20 = M2 = N21 = 122 = 0. (7.80)

Finally, we specify the representations for eigenprojections (7.43) and their
derivative (7.56) for three-dimensional space. The expressions for the functions
pip (7.46) and wvipg (7.58) can be obtained from the representations for ¢,
(7.61), (7.77), (7.79) and n,q (7.62), (7.78), respectively. To this end, we set
there g (\i) =1, g (Aj) = g (M) = ¢' (M) = ¢' (A;) = ¢’ (Ak) = 0. Accordingly,
we obtain the following representations.

Distinct eigenvalues: \1 # A # Az # A1,

>\j)\k _)\j + A 1

Pi0 = D; pPi1 = D; pPi2 = D;’ (781)
A Aj
Vioo = =2\ Ak At T, ,
(A=) "D (M — ) Dy
Ai (A + A Aj (N + A Ai (A + A A (N + A
Viol = Vi10 = Ak s+ k)+3]( +k)—|—)\j (A + ) + :f( +]),
(A — A;)" Dy (N — Ak)” Dy
v v A A +/\j i + Ak
02 = Vi20 = —Ak — Ay ;
N =X De (= M)P D,
Ai + A Ai + A
vinn = =2 (A\j + M) :f M )
N—=X)" D (M=) Dj
/\i+/\j+2)\k /\i+2/\j+)\k
Vi12 = Vi21 = 3 3 )
N—=X)" D (Ni— )" Dy
2 2 L, )
Vjgg = — - , 1£j#+k#£i=1,2,3. (7.82)

N =X)’De (N — )’ Dy

Double coalescence of eigenvalues: i # Xj = A\, = A, j # k,

A 1
pio = VY pi1 = A — A pi2 = 0, (7.83)
Vi — 22\ Vit = e — i + A Vg — 2
200 (A,L . )\)37 201 210 (A,L _ A)3’ 711 (Al _ )\)37
Vio2 = Vi20 = Vi12 = Uj21 = Uiz2 = 0. (7.84)

Triple coalescence of eigenvalues: A1 = Ao = A3 = A,
po=1, pu=p12=0. (7.85)

The functions vipe (p,¢ = 0,1,2) are in this case undefined since the only
eigenprojection Py is not differentiable.
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7.5 Recurrent Calculation of Tensor Power Series and
Their Derivatives

In numerical calculations with a limited number of digits the above presented
closed-form solutions especially those ones for the derivative of analytic tensor
functions can lead to inexact results if at least two eigenvalues of the tensor
argument are close to each other but do not coincide (see [19]). In this case,
a numerical calculation of the derivative of an analytic tensor function on
the basis of the corresponding power series expansion might be advantageous
provided this series converges very fast so that only a relatively small number
of terms are sufficient in order to ensure a desired precision. This numerical
calculation can be carried out by means of a recurrent procedure presented
below.

The recurrent procedure is based on the sequential application of the
Cayley-Hamilton equation (4.91). Accordingly, we can write for an arbitrary
second-order tensor A € Lin"

n—1
A" =N (1) TP AR, (7.86)
k=0

With the aid of this relation any non-negative integer power of A can be
represented by

n—1
AT =YW AR r=0,1,2,... (7.87)
k=0

Indeed, for r < n one obtains directly from (7.86)
W =6, W™ = ()P k=01, n—1. (7.88)

Further powers of A can be expressed by composing (7.87) with A and rep-
resenting A™ by (7.86) as

n—1 n—1
AL =30 AR =37 00 AR D Ar
k=0 k=1

n—1 n—1
=3 W AR+ ST (- TP AR
k=1 k=0
Comparing with (7.87) we obtain the following recurrent relations (see also
[38])

r4+1 T n—1y(n
wo ) =Wl (1Y,

) G RO G ) e | GRS S T NN | (7.89)
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With the aid of representation (7.87) the infinite power series (7.9) can thus
be expressed by (7.31)

n—1
g(A) = p,Ar, (7.90)
p=0
where
op = awl. (7.91)
r=0

Thus, the infinite power series (7.9) with the coefficients (7.13) results in
the same representation as the corresponding analytic tensor function (7.15)
provided the infinite series (7.91) converges.

Further, inserting (7.87) into (7.48) we obtain again the representation
(7.38)

n—1
g(A),a= D M AT @ AY, (7.92)
P,q=0
where
oo r—1
77pq :nﬂ? = Za’f Zw;l()rilik)wék)a puqzoalv"‘vn_ 1 (793)
r=1 k=0

The procedure computing the coefficients 7,4 (7.93) can be simplified by means
of the following recurrent identity (see also [30])

T r—1
ZAr—k®Ak:Ar®I+ ZAr—l—k®Ak A
k=0 k=0
r—1
=AY AP AN +IAT, r=12..., (T.94)
k=0
where
r—1 n—1
D AT A=Y (AP @AY, r=1,2... (7.95)
k=0 p,q=0
Thus, we obtain
Tog = Y ar&ls), (7.96)
r=1

where [19]
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5](3 5(1 _w(Ow(O _50p60q7 pgqv pquovlv"'an_]-v

T r—1) (n r—1
(1) _ =) ) =),

" T r—1) r—1 r—1 n r—
5((Jq) féo) = f(()q 1 §én 1)u) §£L 1(3 (n) + w( D
€0 — ) — €0 1 €0 - a8 g
pgq; p?q:1727"'7n_17 /,1:2737"' (7~97)

The calculation of coefficient series (7.89) and (7.97) can be finished as soon
as for some 7

‘arw](gr) <e Z ath(f) R
t=0
ang(?Z Zat ’ pquov]-v”'vn_lv (798)

where € > 0 denotes a precision parameter.

Example. To illustrate the application of the above recurrent procedure
we consider again the exponential function of the velocity gradient under
simple shear (7.68). In view of (7.69) we can write

1V =1 = 1% = 0. (7.99)

With this result in hand the coefficients wp ) and § (p, q = 0,1,2) appear-
ing in the representation of the analytic tensor functlon (7.90), (7.91) and
its derivative (7.92), (7.96) can easily be calculated by means of the above
recurrent formulas (7.88), (7.89) and (7.97). The results of the calculation are
summarized in Table 7.1.

Considering these results in (7.90), (7.91), (7.92) and (7.96) we obtain the
representations (7.73) and (7.74). Note that the recurrent procedure delivers
an exact result only in some special cases like this where the argument tensor
is characterized by the property (7.75).

Exercises

7.1. Let R (w) be a proper orthogonal tensor describing a rotation about some
axis e € E? by the angle w. Prove that R® (w) = R (aw) for any real number
a.

7.2. Specify the right stretch tensor U (7.5); for simple shear utilizing the
results of Exercise 4.1.

7.3. Prove the properties of analytic tensor functions (7.21).
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Table 7.1. Recurrent calculation of the coefficients wér) and EIE,Z)

(r) Y) wér) 5(():)) (r) ¢(r) £(r) g) (r)

r Wy~ W 01 So02 S11 22" Qr
0 1 0 0 1
1 0 1 0 1 0 0 0 0 O 1
2 0 0 1 o 1 0 0 0 O 1/2
3 0 0 0 0O 0 1 1 0 O 1/6
4 0 0 0 0o 0 O O 1 o0 1/24
5 o O O o O O o0 o0 1 1/120
6 0 0 0 0O 0 O O 0 o0 1/720
> arwér) 1 1 !
r=0 2
) 111 11

r 1

2 arkpa 2 6 6 24 120

7.4. Prove representation (7.54) for eigenprojections of diagonalizable second-

order tensors.

7.5. Calculate eigenprojections and their derivatives for the tensor A (Exer-

cise 4.8) using representations (7.81-7.85).

7.6. Calculate by means of the closed-form solution exp (A) and exp (A) ,a,
where the tensor A is defined in Exercise 4.8. Compare the results for exp (A)

with those of Exercise 4.9.

7.7. Compute exp (A) and exp (A),a by means of the recurrent procedure
with the precision parameter ¢ = 1-107%, where the tensor A is defined in

Exercise 4.8. Compare the results with those of Exercise 7.6.





